The effect of functional electrical stimulation (FES) training on body composition, assessed by computed tomography, and the effect of spasticity, assessed by both objective and subjective measures, are evaluated. Fifteen motor-complete spinal-cord-injured men participated in the study. Eight of the 15 subjects undertook FES cycling 3 times weekly for 6 months. Whole body computed tomography scans evaluated changes in body composition. Simultaneous Modi ed Ashworth Scale and electromyography (EMG) measurements, resistive torque (Kin-Com) and EMG measurements, and self-ratings with Visual Analogue Scale during four consecutive days were used to evaluate changes in spasticity. Lower extremity muscle volume increased by an average of 1300 cm 3 (p < 0.001) in the training group compared to the control group, who experienced no change. Otherwise no changes in body composition were seen. Signi cant correlations (Spearman) were found between individual EMG activity recordings and movement-provoked Modi ed Ashworth Scale ratings in 26% of the test situations, irrespective of group and time. The objective and subjective evaluation of movement-provoked passive (viscoelastic) and active (spasticity-related) resistance remained unchanged.
INTRODUCTION
Spasticity is a common sequela of an upper motor neuron lesion associated with spinal cord injury (SCI) (1) . In the prevalencebased study of SCI individuals in the greater Stockholm area, spasticity was reported to be problematic in 30% of the population (2) . No curative treatment for SCI-related spasticity is currently available. Symptomatic intervention is therefore crucial.
Spasticity has been de ned by Lance (3) to include both increased muscle tone (tonic stretch re ex) and increased tendon re exes (phasic stretch re ex). The spasticity syndrome has been further extended to include increased exteroceptive re exes ( exion re ex) and pathological radiation (clonus) (4, 5) . These components constitute the operational de nition of spasticity used in this study.
Spasticity has been shown to decrease transiently for up to several hours in response to various physiological interventions, such as cutaneous stimulation and muscle elongation. Several studies have shown cutaneous electrical stimulation to reduce various components of the spasticity syndrome and/or reduce the exteroceptive exion re ex and the pathological radiation (clonus) (6) (7) (8) . Muscle elongation intervention has been shown to result in a reduction both of phasic and tonic stretch re exes (9, 10) . Functional electrical stimulation (FES), probably interacting with all components of the syndrome, has been shown to reduce spasticity (11) (12) (13) in some studies, whereas in others changes varied (14) or even an increase in spasticity have been reported (15) .
During the acute phase of SCI, dramatic changes in body composition occur. Over time, further changes are established due to the decreased level of activity in SCI individuals (16) . The two main features are the dramatic decrease in lean body mass, i.e. skeletal muscle and bone mass, and the relative increase in adipose tissue mass (17) . FES cycle ergometry has a multitude of effects on bodily functions, such as increased muscle mass and decreased fat tissue mass. Several authors have found increased thigh muscle mass (7% to 22%) as measured with computed tomography (CT) after FES exercise (6 to 12 weeks) (18) (19) (20) . Mohr et al. (21) showed a 12% increase in thigh muscle mass after 1 year of FES training as measured with magnetic resonance imaging (MRI). Hjeltnes et al. (18) further reported signi cantly increased lean body mass by 1% and signi cantly decreased body fat by 2%, both measured with dual-energy X-ray absorptiometry. Because FES cycling causes changes in muscle that may affect patterns of spasticity, our hypothesis was that FES-induced increase in muscle mass also increases the spastic force of paralysed muscles in individuals with motor complete cervical SCI.
The aim of this study was to test the hypothesis that FES cycle ergometry alters muscle mass, adipose tissue and spasticity in individuals with motor complete cervical SCI. Changes in body composition and regional tissue distribution were examined by a multicompartment technique based on CT. EMG activity, resistive muscle torque measurements and clinical and subjective ratings were combined to evaluate spasticity.
METHODS

Subjects
The mean age at injury for the 15 randomly selected male subjects with SCI was 33 years (range 21-48); mean time since injury was 9 years (range 1-21). Ten of the subjects were ASIA grade A and 5 were grade B. Two (both grade A) used Baclofen in doses of 20 to 60 mg/day orally. They had been on Baclofen medication for several years and were instructed not to modify their doses.
The Regional Human Ethics Committee of the Karolinska Institute approved the study.
Body composition
All patients were hospitalized during examination. Before and after the FES training period of 6 months, body weight was measured in the morning, after voiding, to the nearest 0.1 kg using a calibrated electronic precision tension scale (Violava Ê gen, Botek, Sweden) mounted on a manual lift (Masterholds c750A, Cartel Ltd, UK, 1989). Body height was measured with the patient supine. Body mass index (BMI) was calculated as body weight (kg)/height (m) 2 . With the subjects in a recumbent position, tissue areas were determined with a CT scanner (Philips' Tomoscan 350, Philips Medical Systems, Best, The Netherlands). Twenty-two CT scans of the whole body were performed, out of which 9 determined the lower extremity (LE), as previously described (22) . Parameters used were slice thickness 12 mm 302 mAs, exposure and scanning times 1.2 and 4.8s, respectively, 256*256 scan data and image matrix and eld of view 480 mm (in-plane spatial resolution of 1.56 mm). The effective dose equivalent per examination was 2-4 mSv. The images from the CT scanner were transferred to a separate analysing unit (Philips' SAVS). Tissue areas were determined as previousl y described (22) , with the following precision errors calculated from double determinations: subcutaneous adipose tissue (AT) (0.5%), intraperitoneal AT (4.6%), retroperitoneal AT (12.1%), the sum of intraperitoneal and retroperitoneal AT (1.2%), muscle plus skin (0.3%) and visceral organs (0.7%) (23) .
With dual X-ray absorptiometry , body composition is determined as a three-compartmen t model: BW = BF ‡ BMC ‡ LTM. BF is body fat and BMC is bone mineral content. Lean tissue mass (LTM) consists of proteins, structural lipids, water, glycogen, non-osseous minerals and a small residual. LTM ‡ BMC is equal to fat-free mass (FFM) in traditional 2-compartmen t models. With an imaging technique such as CT, body composition is examined at the tissue and organ level (24) . Tissue volumes can be calculated from tissue areas and distances between scans (23) . Models at the tissue and organ level could be expressed as body volume = lean body volume ‡ AT volume. The lean body volume can be analysed as several tissues and organs. Each component can be converted into mass by taking the corresponding tissue density into account (23) .
Spasticity analyses
Each subject was tested before the training period, after 6 months of FES training and after 6 months of deconditioning . None of the subjects was stretched in connection with either testing or training. All tests took approximately 30-45 min each time. First, Modi ed Ashworth Scale (MAS) (25) rating of movement-provoke d spasticity of the right lower extremity (LE) was performed, thereafter the isokinetic Kin-Com movement provocation of the right and left LE, respectively, and nally, MAS rating of movement-provoke d spasticity of the left LE was performed.
Movement-provoke d spasticity. The MAS ratings (25) of movementprovoked spasticity were performed during simultaneous surface recording of EMG activity of the rectus femoris and the lateral biceps femoris muscles with the subject lying supine. MAS is a 6-grade scale (0-5), with 0 indicating no muscle tone and 5 indicating a rigid limb. The EMG recordings were performed as previously described by our group (26) . First exing and then extending the knee once initiated the movement provocation at a velocity of approximately 350°/s, as estimated in an earlier study by a two-camera, 3-D video motion analysis system (26) . During knee exion movements, the hip was in an extended position, and during knee extension movements the hip was exed 90° (Fig. 1) . The MAS and EMG values were recorded during 10 s. The EMG baseline for the 10-s recording period was de ned as mean electrical activity before and after the movement-associate d electrical activity. Peak electrical activity was de ned as the highest voltage 1 to 3 s from the start of EMG recording. Duration of movement-associate d electrical activity was de ned as the time of continuous electrical activity above baseline.
Isokinetic movement provocation. Thereafter, isokinetic (Kin-Com dynamometer 125E Plus computer, CHATTECX Corp, Chattanooga Group, Hixon, TN, USA) movement provocation of resistive muscle torque was performed during EMG activity recordings. The subjects were tested seated inclined with a backrest giving a hip exion angle of 40°during the test procedur e (Fig. 1 ). Flexion and extension movement of the knee joint was performed at a velocity of 250°/s. Only 14 subjects were analysed due to incomplete resistive torque data of one of the FES training subjects.
The torque and EMG values were recorded during 0.3 s. The EMG baseline for the 0.3-s recording period was de ned as the mean of the rst 10 point estimates (0.02 s) plus 2 SD for each individual subject, side, movement and muscle group, respectively (27) . Duration of EMG activity was de ned as a minimum of 10 consecutive point estimates above baseline. Maximum EMG activity was de ned as the highest voltage during the whole recording period. Actual EMG activity was de ned as the EMG activity value at peak torque, i.e. the greatest resistance (Nm) during the whole recording period.
VAS ratings. Subjects rated their spasticity every other hour when awake during 4 consecutive days. The rating instruction was "rate your spasticity for the time period since you last rated" using a new ungraded form for each rating performed. The text "No Spasticity" was placed to the left of the 100 mm VAS scale and "Most Imaginable Spasticity" to the right. These ratings collectively described the intrinsic pattern of spasticity during the day (28) .
FES cycle ergometry training
The subjects were placed in a sitting position on the FES bicycle (ERGYS I Clinical Rehabilitation System, Therapeutic Technology, Tampa, USA) consisting of a lower extremity ergometer, a stimulus control unit and a reclineable chair. A computer delivered and monitored electrical stimulation according to prescribed parameters such as individual pre-set threshold levels. Stimulation intensities ranged from threshold levels determined for each individual muscle group to elicit a palpable contraction up to a maximum of 130 mA. Before exercise, surface self-adhesive electrodes (CEFAR medical products ab/Form No. 28001/92, Sweden) were placed over motor points on the quadriceps, hamstrings and gluteal muscle groups of both legs. Two active electrodes and one reference electrode were applied over each muscle group. Six separate channels for sequential surface muscle stimulation were used during cycling with a computer-controlle d closed loop system. Each channel supplied mono-phasi c rectangular pulses lasting 350 ms, and delivered intermittent pulse trains of 30 Hz to each of the two active electrodes over a given muscle. The quadriceps muscle was thereby stimulated at 60 Hz and with intensity ranging from the pre-set threshold levels to 130 mA. A pedal position sensor allowing continued calculation of velocity was used to maintain smooth motion and a constant cranking frequency of 50 revolutions per minute. Stimulation was automatically stopped at fatigue, i.e. when the number of revolutions per minute decreased below 35, in spite of maximal stimulation intensity. A maximum of ve sets were performed to reach 30 min of exercise at each training session. Load was added by 1/8 kilopound (kp) (¹6.1 Watts) each time the subject was able to perform 30 min of continuous exercise for three consecutive sessions. The study group undertook FES cycling in 30-minute sessions 3 times weekly for 6 months.
Statistics
Spearman correlations were calculated between MAS ratings of spasticity and EMG activity recordings. Pearson product moment correlations were calculated between resistive torque and EMG activity values, and among muscle volumes, resistive torque and EMG activity. Separate univariate analyses were performed for MAS, EMG, torque and muscle mass to examine main effects for "group" and "time". If a signi cant main effect for time was observed, a post hoc test using simple effects was performed to identify the time point of change. For all variables (MAS, EMG, torque and muscle mass) differences between groups and time (before, after and after deconditioning) , as well as within subject, were calculated using General Linear Model repeated measures. In all cases the criterion for signi cance was set at p < 0.05.
RESULTS
FES
The group assigned to FES exercise cycled an average of 2.6 (range 2.3-3.1) times weekly for 6 months. The mean load was 
Body composition
There were no signi cant changes in body weight during the study period, while muscle tissue volume was increased by about 10% in the training group (mean 1307, SD 511 cm 3 , p < 0.001). AT volumes were neither signi cantly changed in the abdominal compartment nor in the LE. Moreover, caloric intake was not restricted in this study, resulting in no signi cant changes in BW. As shown in this study, exercise of speci c muscle groups of for example LE results in an increase of LE muscle volume. However, a reduction of adipose tissue in a speci c region during training was not achieved in this study.
No correlation was observed between the increased LE muscle volumes and movement-provoked resistive muscle torque or EMG activity values after 6 months of FES training.
Spasticity
No effect of training or deconditioning on spasticity was seen in the training group as compared to the control group for MAS ratings of movement-provoked spasticity or EMG peak and duration of activity. Nor was any change seen in the training group as compared to the control group for isokinetic peak muscle torque, EMG maximum, or actual EMG activity at peak torque during Kin-Com provoked knee movements. As representatives of this lack of training effect seen in all parameters of spasticity evaluation, three parameters -the movement-provoked resistive muscle torque peak (Table I) , the MAS rating of spasticity (Table II ) and the EMG peak activity (Table III) -are shown.
Signi cant correlations (Spearman) were found between individual EMG activity recordings (peak, duration) and movement-provoked MAS ratings in 26% of the test situations, irrespective of group and time (Table IV) . For duration of EMG activity, lower correlation coef cients were seen after 6 months of FES training, only to increase again after 6 months of deconditioning (Table IV) . Correlations calculated between resistive torque values and EMG values after isokinetic movement provocation showed no signi cant relationships, irrespective of time and group. During Kin-Com movement provocation no EMG activity was observed before the end of the movement in 68% of the test situations for the intervention group and in 55% of the test situations for the control group. In the cases with no EMG activity during movement, resistive torque was shown in all cases, with a mean torque peak of 24 Nm for the intervention group and 21 Nm for the controls. For the 32% of test situations showing EMG activity in the FES group during movement, resistive mean torque peak values varied between 18 and 26 Nm and average EMG maximum activity between 53 and 118 mV. For the 45% of test situations showing EMG activity in the control group during the movement, resistive mean torque peak values varied between 8 and 21 Nm and mean EMG maximum activity between 76 and 278 mV. A signi cantly shorter EMG duration measured during isokinetic movement provocation was seen after 6 months for both groups (p < 0.001).
Self-ratings of spasticity (VAS) performed before the start of and after FES intervention showed no change for either group. When each subject was analysed individually, some subjects showed increased, some decreased, others no change in VASrated spasticity, regardless of group (Fig. 2a-d) .
DISCUSSION
In the present study, we evaluated the effect of FES training on body composition by CT and on spasticity by both objective and subjective measures.
Mohr et al. (21) published the only study to date reporting progression in training duration and load during the course of FES sessions, and those results are therefore compared with the present study. Subjects in the latter study completed an average of 2.6 training sessions each week for the 6-month training period. The SCI subjects in the study by Mohr and colleagues accomplished 2.3 sessions each week while training for a year. Two of our subjects took a comparably longer time to reach 30 min of continuous pedalling without resistance, 15 and 16 sessions, respectively. Load was added and tolerated in all subjects. Mohr et al. reported two slowly adapting subjects, one of whom took 32 sessions to perform 30 min of continuous exercise with load, and another who reached 30 min of continuous training only after more than 6 months (¹55 sessions), tolerating minimal added load. In our study the slowest adapting subject had a spinal cyst operated 1 month Our report showed an effect on LE muscle volume, but no other effect on body composition. The Hjeltnes et al. (18) group was the only one to show decreased body fat (1.9%) after FES training. Their subjects cycled for a comparably short and intense period of time (7 times/5 days/week for 8 weeks). Tetraplegics, although often rather slim, have been shown to accumulate truncal fat as opposed to persons without SCI (29, 30) . Hjeltnes et al. (18) showed signi cantly decreased body fat in the LE and of the whole body of SCI subjects after 8 weeks of FES intervention, although not in the trunk when evaluated separately. No relation was found between increased LE muscle volume and movement-provoked resistive torque in the training group. Sunnerhagen et al. (31) showed that voluntary muscle torque correlated with increased muscle volume in the affected side of patients after a stroke. Since the subjects in our study had no voluntary muscle control, the resulting 10% increased LE muscle volume may have been insuf cient to result in increased resistive torque or increased MAS ratings.
It should be stressed that the increase we observed in LE muscles during treatment could in part be due to both protein and water restitution. Neither CT nor DXA can separate between these two constituents of lean tissues. Fat-free mass (FFM)
MAS (0-5)
Before
After Deconditioning includes the extracellular uid and stromal vascular cells of adipose tissue and also cell membranes, intracellular uid and all cytoplasmic organelles of the adipocytes themselves. Therefore, it is not possible to mix information from DXA and CT examinations.
The distribution of bre types in skeletal muscles is known to shift towards fast twitch and fast fatiguable within the rst 2 years after spinal cord injury. The study by Mohr et al. (21) showed a partial normalization by a shift towards more fatigueresistant contractile proteins after 1 year of FES training. Owing to the invasive character of this method, biopsies were not performed in the present study.
We have earlier shown that 80% of individual EMG recordings during movement-provoked spasticity correlate signi cantly with the subjective assessment using the MAS in a group of 15 SCI individuals (26) . In the present study, when the same correlations were calculated per group (n = 8 and 7, respectively) and over time, only 26% of the individual EMG recordings correlated signi cantly with the MAS. The lower number of individuals in each group, half the number compared to our earlier study, may cause correlations not to reach statistical signi cance. In the training group, correlation coef cients between MAS rating and EMG duration of activity decreased after intervention and increased after 6 months of deconditioning. The lower correlation seen at test situations after the FES training may be explained by shorter duration of EMG activity without any corresponding decrease in MAS ratings. No signi cant correlations were found in the present study between movement-provoked resistive muscle torque (Nm) and simultaneously recorded EMG activity, irrespective of time.
It is unclear whether only the phasic, only the tonic, or both stretch re exes were elicited when movement-provoked MAS ratings were performed. The provoking movement velocity (¹350°/s) recorded when the investigator performed the MAS rating elicited EMG activity in all cases. Conversely, when biomechanical movement provocation of resistive torque was performed, the velocity was 250°/s, which elicited EMG activity in 30-45% of cases depending on group. Resistive torque (Nm) was seen in all cases, indicating muscle stiffness irrespective of spasticity (EMG activity). Both Daly et al. (32) and Yarkony et al. (12) discussed the possibility that FES may decrease tonic spasticity but increase phasic spasticity in both hemiplegic and SCI subjects. Stefanovska et al. (33) showed decreased duration of EMG activity in subjects with hemiplegia, indicating a shift from mainly tonic spasticity, with a longer duration of EMG activity, to mainly phasic spasticity, with a shorter duration of EMG activity. In the present study, shorter EMG duration during isokinetic movement provocation was seen after the 6-month period, although irrespective of group.
Several studies have shown immediately decreased spasticity after FES intervention in SCI individuals (13, 32, 36) . Both Daly et al. (32) and Robinson et al. (36) argued that the described reduction in spasticity shown immediately after electrical stimulation might simply re ect muscle fatigue, which lasts The number of subjects varies for sides, movements and test occasion (before, after, deconditioning) due to either incomplete data or missing individuals, as for deconditioning in the control group.
for about 24 hours after electrical stimulation. Our evaluation of resistive torque, EMG activity and MAS rating after FES training was performed in the week after the last training session and showed no signi cant changes. A study by Robinson et al. (15) evaluated the long-term effects of electrical stimulation in subjects with SCI and showed a tendency toward increasing spasticity.
The present study showed a large variation in EMG and torque values between subjects in this rather small population, which was a problem when the effect of spasticity intervention was evaluated. Conversely, this variation was bene cial when different methods of spasticity evaluation were compared for correlation.
We have earlier investigated self-rated spasticity in subjects with SCI (28) , and showed signi cant uctuations in spasticity during the day in subjects with cervical injuries compared to that of individuals with thoracic injuries. No signi cant differences were shown between consecutive days within subjects (28) . The results of self-ratings in the present study showed changed spasticity in some and unchanged in others after FES intervention.
In conclusion, leg muscle volume increased 10% as a result of 6 months of FES training in motor-complete tetraplegic SCI individuals. The objective and subjective evaluation of movement-provoked passive viscoelastic and active muscle resistance showed no change as a result of the FES intervention. 
